IntroDuCtIon
Paediatric intestinal failure (IF) is a malabsorption disorder, often affecting those preterm infants surviving severe necrotising enterocolitis (NEC), a serious condition causing long-term dependency on parenteral nutrition. NEC is characterised by an exaggerated gastrointestinal inflammatory response from the highly immune-reactive and immature mucosa. 1 2 NEC can progress quickly from onset to severe disease with bowel necrosis, perforation and even death. [2] [3] [4] In severe NEC, there is often a need for bowel resection due to bowel necrosis and perforation leading to shortening of the bowel length. This condition, combined with malabsorption, is a cause of short bowel syndrome. 5 6 The European Society for Clinical Nutrition and Metabolism has defined IF for adults as the 'reduction of gut function below the minimum necessary for the absorption of What is already known on this topic? ► Intestinal failure (IF) is more common in necrotising enterocolitis (NEC) infants with a severe stage of the disease and who are treated with surgery. Intrauterine growth restriction and extreme prematurity are other established cases of this condition. ► The risk of IF was about seven times higher in the infants with NEC than in the reference group of infants. Previous NEC, abdominal surgery, extreme preterm birth and small for gestational age were risk factors in a Swedish nationwide study. It was also more common with IF at the end of the study period, potentially associated with a reduction in neonatal mortality in NEC infants.
What this study hopes to add?
► The risk of IF was about seven times higher in the infants with NEC than in the reference group of infants. Previous NEC, abdominal surgery, extreme preterm birth and small for gestational age were risk factors in a Swedish nationwide study. It was also more common with IF at the end of the study period, potentially associated with a reduction in neonatal mortality in NEC infants. ► Better knowledge of predisposing factors for IF may improve early intervention and detection of the condition. Our findings may help informing patients and families of complications following NEC and surgical procedures. Open access macronutrients and/or water and electrolytes, such that intravenous supplementation is required…'. 7 IF has largely been studied in infants affected by NEC. The incidence of IF varies from 2% in medically treated infants to 42% in surgically treated infants. 8 In a Canadian study, IF, defined as the need for prolonged parenteral nutrition, occurred in up to 42% of the patients. 9 Direct comparisons between populations for risk factors and incidence are difficult because no scientific body has formulated a uniform definition and classification of IF that is being used in research. In addition to the definitional issue, most studies lacked a control or comparison group.
Therefore, this study sought to investigate the incidence of IF and its risk factors in a cohort with NEC compared with a large reference cohort without NEC.
MAterIAl AnD MethoDs study design
We performed a matched cohort study that included preterm infants with NEC and reference preterm infants (controls) as the study population (figure 1). The study design and data collection process were described in detail in a previous nationwide observational study on NEC. 10 The present study population was followed until occurrence of IF, death or the end of study period (2 years of attained age), whichever occurred first. The individuals with NEC and the reference individuals without NEC were matched for gestational age (GA) in days (categorised as degree of prematurity) and birth year.
Data collection
Relevant data were obtained from the following health data registries 11 12 held by the Swedish National Board of Health and Welfare: the National Patient Register (NPR), 13 the Medical Birth Register (MBR) and the Cause of Death Register (CDR). We used the NPR to obtain data on healthcare. The NPR contains nationwide information on International Statistical Classification of Diseases and Related Health Problems (ICD) diagnosis on all inpatient care from 1987 and on all outpatient care from 2001 and beyond. The register does not contain data on primary care.
All children born between 1987 and 2009 with a diagnosis of NEC in health data registers were identified. The diagnosis of NEC was based on ICD codes: ICD-9 (Ninth Revision) (code 777F) or ICD-10 (Tenth Revision) (code P779). The MBR includes antenatal and perinatal data on more than 98% of all births in Sweden since 1973. 14 GA, weight at birth and other perinatal data were obtained by linkage with the MBR based on the children's unique national personal identity number assigned to 99.9% of all Swedish citizens or permanent residents. 15 Further details of this cohort have been reported elsewhere. 10 For each NEC case, up to six reference individuals matched for calendar year and GA were randomly selected. Because of an insufficient number of available individuals, especially among the most preterm infants, the final number of matched reference individuals varied between one and six per index individual, which also resulted in a slightly uneven distribution of infants with or without NEC across GA and birth weight categories. 
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Definition of IF
The study population was followed by linking it with the NPR from 1987 to 2011, including follow-up data to catch all episodes of IF, defined as the presence of one of the ICD-9 or ICD-10 discharge diagnoses or procedural codes presented in table 1 within 14 days to 2 years of follow-up since each individual's birth date. IF was defined as readmission registered in the NPR. Diagnosis suggesting IF within 14 days since day of birth was disregarded because many preterm infants receive total parenteral nutrition during a brief period after birth as standard care before reaching full enteral feeding. The study population was followed until the incidence of IF or death (censoring events).
Variables
Neonatal variables
Data on neonatal factors were collected via the MBR. Birth weight was divided into two categories:<1500 g and ≥1500 g. GA was divided into extremely preterm (<28 weeks), very preterm (28-31 weeks), moderately preterm (32-36 weeks) and full term (37-42 weeks). Moreover, the relative size in comparison with GA was grouped into appropriate for GA (AGA), large for GA (LGA) and small for GA (SGA), all based on the information in the MBR. Missing information on SGA was supplemented with data from the NPR (ICD-9 codes 764A and 764B and ICD-10 code P050). Perinatal asphyxia was defined as having an Apgar score <7 at ≥5 min. Children were also divided according to area of birth (Stockholm vs the rest of the country), which was done because of previously noted regional differences in NEC incidence. 10 To achieve balanced categories, the study period was divided into birth cohorts: 1987-1993, 1993-2001, 2002-2006 and 2007-2009 (quartiles of the study population). Evidence of death was collected from the MBR and cross-checked with the CDR. Neonatal mortality was defined as death occurring <28 days after birth.
Abdominal surgery
Online supplementary appendix 1 shows all ICD-9 and ICD-10 procedural codes used to define surgical procedures. The most common procedure was laparotomy with or without intestinal resection.
Maternal factors
Data on prepregnancy maternal smoking and at week 32 (for mothers whose pregnancy lasted there was additional registration of smoking status) were obtained from the MBR and divided into smokers and non-smokers. Maternal education was divided into ≤12 years or >12 years of formal education (secondary school vs tertiary level education).
statistical analysis
Differences in categorical variables were analysed using a two-sided χ 2 test or Fisher's exact test (whenever appropriate), with the significance level set at p<0.05. The cumulative incidence of IF was defined as the number of new cases of IF divided by the number of NEC individuals and reference individuals without NEC during 2 years of follow-up. Table 3 presents the distribution of potential risk factors by NEC individuals and reference individuals without NEC. Cox regression analysis was performed to examine potential risk factors for IF in the study population. Data were censored at death, occurrence of IF within 2 years of follow-up or at the end of study period (maximum 730 days), whichever came first.
The proportional hazards assumption was tested graphically using log-minus-log curves (see figure 2 ) Based on our a priori hypothesis, sex and presence of growth restriction (SGA vs LGA/AGA) were also included in the regression model. 9 Additional variables in the regression model were evaluated separately. Variables achieving a p value <0.10 were retained in the full multivariable regression model using a forward selection procedure. Overlapping variables, that is, the degree of prematurity and birth weight category, were assessed; however, only the degree of prematurity was kept in the final model to avoid adjusting for overlapping variables. A likelihood ratio test was performed to assess the models.
Finally, a multivariable Cox regression model was constructed to include the following variables: gender, degree of prematurity, presence of growth restriction study period (birth cohort in quartiles), previous abdominal surgery and history of NEC. Table 5 summarises the results of the Cox regression analyses, estimating the relative risk of IF following NEC expressed as HRs with 95% CIs.
Stata V.14 was used to conduct all analyses.
results selection of case and controls cohort One thousand and three registrations of hospital discharges of patients with a NEC diagnosis were identified in the MBR or NPR. Some 283 of these discharge registrations lacked complete identity information in the MBR or NPR. These registrations were excluded. The total number of excluded individuals may be fewer, as some of these registrations may refer to the same patients. After this exclusion, there remained 720 identified separate patients with NEC that constitute the NEC Open access cohort. Moreover, 3664 matched controls without NEC were identified. Seven of them were excluded because they could not be convincingly be separated from the 283 excluded NEC registrations. The reason for this was the lacking identity information and the limited number of eligible controls in the children with the shortest GA group. Figure 1 outlines the details of how the study population was collected. Thus, the final sample comprised 3656 infants as the reference group without NEC. Table 2 shows neonatal and demographic characteristics of the study population. 
Characteristics of the study population
Incidence and distribution of risk factors for IF in the study cohort
The cumulative incidence of IF within the cohort of NEC individuals was 6.0% (43/720 individuals) compared with 0.4% or 16/3656 of the reference individuals without NEC (table 2) , corresponding to a univariable HR of 15.9 with 95% CI (9.0 to 28.3) and a multivariable HR of 7.2 with 95% CI (3.7 to 14.0) (table 5).
In table 3 , the distribution of risk factors in NEC individuals by presence of IF is presented. Notably, individuals with IF were over-represented in the extremely preterm NEC (≤28 weeks) category (51.2% for those with IF vs 36.5% for those without IF), although the difference was not statistically significant (p=0.07). Furthermore, within the NEC cohort, SGA was more common in those who developed IF (44.2%) compared with those without IF (23.2%) (p<0.01). About two-thirds of the IF cases (62.8%) were found in the birth cohort 2007-2009. The neonatal characteristics of the reference individuals without NEC for IF are shown in table 4 The most common main diagnosis in IF patients without previous history of NEC was very and extreme prematurity (P072-3; n=9); very/extreme low birth weight (P07.0/1; n=11) and light for GA (P05x; n=9). These are shown categorised in table 4. Other diagnoses included neonatal skin infection (P39.4; n=1) and haematemesis (K92.0; n=1).
the risk of developing IF in the study cohort Table 5 lists the HR of developing IF. There were significant associations between the risk of IF and history of NEC and abdominal surgery, degree of prematurity, presence of growth restriction (SGA) and birth cohort. 
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Maternal smoking rendered a non-significant negative risk estimate for IF in univariable analysis (HR=0.5 with 95% CI 0.2 to 1.1). The strongest predictors of IF were history of NEC (HR=7.2 with 95% CI 3.7 to 14.0) and birth cohort 2007-2009 using 1987-1993 as a reference, corresponding to a HR=8.0, 95% CI 2.8 to 23.1. As shown in figure 3 , there is a clear difference in incidence of IF in between the NEC and reference cohort and that most cases occur within the first year of follow-up from study start.
The number of admissions among cases with IF varies depending on whether they had NEC or belonged to the reference group; that is, there was a mean of nine admissions (range 2-41) among the reference cohort compared with six (range 1-28) in the NEC cohort.
DIsCussIon
We found that 6% of the NEC individuals developed IF compared with 0.4% of the reference individuals, corresponding to a sevenfold increased risk after adjustment for perinatal factors. We also demonstrated that extreme preterm birth, SGA and previous abdominal surgery increased the risk of IF. However, neither sex nor maternal smoking influenced the risk of IF. Moreover, the risk of IF varied over time, with the highest risk occurring for infants born during 2007-2009, a finding that is yet to be explained. One reason could be increased registration of Total parental nutrition (TPN) as a procedural code and/or increased usage of TPN. The mean GA in weeks among infants born in 1987-2003 was 32.6 (median of 32 weeks) compared with 29.7 (median of 28 weeks) in 2007-2009. Thus, the population is indeed more premature and more prone to complications such as NEC and secondary IF. Moreover, the birth weight differs significantly depending on birth cohort, for example, 17% of infants born between 2007 and 2009 had a birth weight Open access less than 750 g compared with 6.5% in 1987-1993. The proportion of infants with a birth weight more than 2500 g was 16.5% in 2007-2009 compared with 39% in 1987-1993 (data not shown).
Possibly, treatment of NEC has been more successful over time in increasing survival but at the same time causing long-term complications such as IF. In fact, neonatal mortality dropped from 20.6% from 1987 to 1997 to 10.4% for the birth cohort in 2007-2009, supporting this notion (table 2). We also examined the impact of being born in Stockholm County, where an over-representation of NEC was observed. 10 This analysis showed an increased risk of IF in the univariable analysis. However, when we adjusted for history of NEC, being born in Stockholm County did not increase the risk of IF. 
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We examined maternal smoking to elucidate whether a protective or causative association exists. Other types of gastrointestinal inflammation (eg, ulcerative colitis) have a protective relationship with smoking. In contrast, increased risk of Crohn's disease and NEC per se is seen in maternal smokers. 16 However, our data failed to show a distinct relationship with the development of IF.
Comparison with other studies IF was found in 6.0% of the NEC cohort and needs to be related to the stage of NEC and previous treatment (including surgery). For instance, Duro and colleagues 8 demonstrated in a US multi-centre cohort study that IF is more prevalent in surgically treated NEC patients (42%), largely correlating with a more severe form of disease, 17 than in those with medically treated NEC in which only 2% developed IF. Another US study reported an IF proportion approaching 14% in NEC-afflicted patients with a severe disease. 18 In our study, 21% of the surgically treated infants with NEC developed IF. The reasons for the varying incidence of IF could be several, but the inconsistent definition of IF likely contributes to this discrepancy.
strengths and weaknesses
Unlike other studies, we incorporated a matched reference group ('control group') that allowed us to assess risk factors compared with children born at the same GA without developing NEC. Such a manipulation avoids potential bias from preterm birth. Other studies have investigated IF in individuals with NEC without a control group, focusing exclusively on NEC survivors. 8 9 Other main strengths of the study are the long study period and the population-based approach with nationwide coverage. Furthermore, the use of high quality, prospectively recorded and validated health data minimises recall bias.
The intention of the matching procedure was to ensure a similar proportion of individuals based on GA (table 2) . However, there was a lack of eligible reference individuals in this category of extreme preterm infants, resulting in more individuals with NEC in the extreme preterm category. Nevertheless, we have adjusted for the in the multivariable regression analysis and thus the risk estimate for IF should not be materially affected.
Because NEC is a rare disease and because IF is an uncommon complication, statistical power has been an issue in earlier research and is a potential limitation in our study as well. However, any misclassification of outcome should be equally distributed regarding NEC status and thus only dilute our risk estimates. Although our study population was relatively large and the follow-up extended over 24 years, the limited number of patients with IF restricted our exploration of uncommon risk factors. Another limitation is our definition of IF. No standard definition of this diagnosis exists in Swedish registers and we were therefore forced to use proxy variables (such as intestinal/postoperative malabsorption and parenteral nutrition) to detect cases of IF. Ideally, the best course would have been to manually review all medical charts indicating IF to validate and reduce misclassification of the IF outcome. Our definition may suffer from both over and under ascertainment of IF, rendering incidence comparisons between populations difficult. In general, an earlier validation study found that 85%-95% of all register diagnoses were correct. 13 The definition of IF often depends on the use of parenteral nutrition and Open access therefore the time limit used for diagnosis determines the frequency of IF. As an example, the proportion of infants suffering from IF after severe NEC varied from 42% when using 42 days of parenteral nutrition to 13% when using at least 90 days of parenteral nutrition. 9 In addition, to assess the true incidence of IF, we would have needed to conduct a prospective cohort study with continuous data collection, similar for all participants, and knowledge of potential confounding factors; that is, other risk factors that could explain the increased risk in the NEC cohort. In our study, we lacked direct access to the patients' charts, which made the outcome assessment more difficult and less accurate. Instead, we used register-based data with a high internal validity in general. 12 
ConClusIon
In determining the course of action when caring for NEC-afflicted children, the knowledge of long-term complications is important to guide therapy. This study found a sevenfold increased risk of IF in patients with NEC. The incidence of IF in Swedish patients with NEC is otherwise comparable with that in other studies. Regrettably, limited power restricted our exploration of risk factors for IF in patients with NEC. IF was more common in the infants born at the end of the study period, possibly explained by better neonatal survival. In view of this, increased efforts are needed to alleviate post-NEC complications such as IF.
